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ABSTRACT 


An extensive investigation of the fine structure of the muscle 
system in Stomphia coccinea and Aiptasia diaphana has been carried out. 
Observations on various aspects of the muscle system are presented. 
The functional relationship between the muscle system and the mesoglea 
and between the muscle system and the nervous system is considered. 
Emphasis is placed on the functional significance of the occurrence in 
both species, of two types of muscle fiber. 

Type A and Type B fibers are distinguished mainly by differences 
in the thick filaments of the two types. In Type A fibers, the thick 
filaments have a consistent diameter of 180A. In Type B fibers, the 
diameter of the thick filaments is variable and on the average C225 Aya 
is greater than that in Type A fibers. The thick filaments in Type B 
fibers show an axial striation with a period of 110A. The differences 
between Type A and Type B fibers do not result from differences in the 
state of contraction of the muscle; the two fiber types are therefore 
considered to represent two morphologically distinct kinds of muscle 
fiber . The fine structural characteristics distinguishing A and B 
fibers are similar to those which distinguish fast and slow muscle 
fibers in higher animals. The distribution of A and B fibers in 
Stomphia and Aiptasia is consistent with the distribution of fast and 
slow muscles in these two species, It is proposed that A and B fibers 
represent two morphologically distinct kinds of smooth muscle, and 
that the capacity for fast and slow contractions in the muscles of 
Stomphia and Aiptasia and possibly in all actinians, is due to 


morphological differentiation in the muscle system. 
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INTRODUCTION 


Actinians are capable of some relatively complex behavior 
patterns. These behavior patterns are usually stereotyped but in 
Some cases behavior assumes different forms according to the circum- 
stances in which the activity takes place. The complexity and adapt- 
ability of these behavior patterns are surprising considering the 
apparent simplicity of actinian structure. Examples of such patterns 
are swimming in Stomphia coccinea (Yentsch and Pierce, 1955; Sund, 1958) 
and transfer to shells in Calliactis parasitica (Ross and Sutton, 196la 
and b) and in Stomphia coccinea (Ross and Sutton, 1967). 

The nervous system that controls these behavior patterns in 
actinians has been studied extensively both from the standpoint of its 
structure (Pantin, 1952; Robson, 1961 and 1963; Peteya, 1976) and its 
function (McFarlane, 1969 a and b; Lawn and McFarlane, 1976; Lawn 1976). 
However, knowledge of the muscular organization of sea anemones is still 
limited, particularly at the ultrastructural level. This investigation 
was undertaken to provide information about the structure and organiza- 
tion of the muscles comparable to that available on the nervous system, 
using both light and electron microscopy. 

The first comprehensive studies on the histology of actinians were 
done by von Heider (1877) and by the brothers Richard and Oscar Hertwig 
(1879-80). Subsequently, there was a good deal of disagreement about 
details, especially about the organization of a nervous system. These 
contradictions between earlier and later works were probably due to 
differences in the techniques of fixation used by different investigators. 


The recent study by Peteya (1976) has clarified the situation by 
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demonstrating the artifactual nature of some of the features previous- 
ly described and by distinguishing nervous from non-nervous components 
in the so-called "nerve plexus" of some earlier authors. Nevertheless, 
a century of studies with the light microscope has firmly established 
the main features of actinian histology. In particular, the presence 
of epitheliomuscular cells, first described in Hydra by Kleinenberg 
(1872), was confirmed; the nature of mesoglea as a type of connective 
tissue was demonstrated; the basic cell types in the ectoderm and the 
endoderm were described in detail. With respect to muscle, the 
observations made by the Hertwigs were confirmed by subsequent workers 
(Faurot, 1895; Carlgren, 1893;MacMurrich, 1899 and 1901; Parker and 
Titus, 1916). Moreover,a detailed knowledge of the organization of the 
muscles was built up and used as a tool in the classification of the 
Actiniaria (Stephenson, 1928 and 1935; Carlgren, 1949). 

More recent studies have been directed towards the functional 
organization of the actinian muscle system (Jordan, 1934; Kipp, 1939; 
Batham and Pantin, 1950 and 1951; Robson, 1957). In recognition of 
the great importance of the mesoglea in the functioning of the muscles, 
careful analysis of the structure and of the chemical and physical 
properties of this tissue have been carried out (Chapman, G., 1953a and 
b; Gutmann, 1966; Gosline, 1971). 

Very little is known of the fine structure of the muscle system in 
actinians based on observations with the electron microscope. In the 
course of his study on the nervous system of Stomphia coccinea, Peteya 
(1976) observed two types of muscle fiber, A and B, which he distin- 


guished by the appearance of the thick filaments. He was unable to 
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decide whether these represented differences in state of contraction or 
distinct types of muscle, but he suggested that there was a direct | 
correlation with the distribution of B fibers and the muscles involved 
in the swimming of Stomphia. 

The physiological literature is extensive and it is necessary here 
only to draw attention to a few pee caons in the physiology of nerve 
and muscle which are of particular importance to the micro-anatomist. 
One of the problems has been the difficulty of dealing separately with 
nerve and muscles in the physiological analysis of behavior in conduct- 
ing experiments on intact animals or on preparations. 

It is well known that certain muscle fields of actinians are 
capable of both fast and slow contraction (Pantin, 1935; Batham and 
Pantin, 1954; Ross, 1957), but the mechanism underlying this functional 
differentiation is not understood. The nature of the processes involved 
in synaptic and neuromuscular transmission is not well understood, in 
spite of detailed studies by Ross (1960a and b) on the excitatory or 
inhibitory effects of cholinergic and adrenergic substances on the 
muscles. From kymograph recordings of muscle preparations, it was 
Jee that the character of a contraction, i.e. its speed, size 
and latency, appears to depend cn the frequency of impulses delivered 
to the muscle field (Pantin, 1935 and 1952; Batham and Pantin, 1954; 
Ross, 1957; Bullock and Horridge, 1965; Robson and Josephson, 1969). 

No differentiation into areas of fast and slow muscle fibers was 
detected (Pantin, 1965), and the concept of a simple, frequency coded 
nervous system controlling behavior in an unspecialized muscle system 
was generated, 


Recently, particularly through the work of McFarlane and colleagues 
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(McFarlane, 1969a and b, 1970, 1974, 1975, 1976; McFarlane and Lawn, 
1972; Lawn and McFarlane, 1976 ), the existence of at least eee 
conducting systems in sea anemones has been conclusively demonstrated, 
and the control of several behavior patterns has been explained in 
terms of interactions among these conducting systems (Lawn, 1976; 

Lawn and McFarlane, 1976; McFarlane, 1969b: McFarlane, 1975; McFarlane, 
1976; McFarlane and Lawn, 1972). This _information forces a 
reconsideration of the anatomical substrates for conducting pathways. 
As outlined by Josephson (1974), there are three alternatives for 
independent conducting systems in the Cnidaria: 1) mechanical trans- 
mission of excitation via the muscle fibers themselves; 2) transmission 
through a nerve net in which several conducting systems may exist in 
parallel capable of being independantly excited; 3) non-nervous conduc- 
tion through epithelial cells. This last possibility is an old concept 
which has come to the fore recently. It was first introducéd by 
Kleinenberg (1872) working with Hydra, but it was later discounted by 
the Hertwigs (1879-80). Parker (1919) re-introduced the concept as a 
feature which must have been present in the elementary nervous system. 
Experimental evidence for epithelial conduction only became available 
when Mackie (1965) was able to detect impulses passing in nerve-free 
epithelia in certain Hydrozoa. Pantin (1965) has suggested that the 
capacity for fast and slow muscle contractions in actinians might be 
explained by the presence of neuronal and myoidal conducting pathways, 
respectively. However, an anatomical substrate for a non-nervous 
pathway has ae been demonstrated. Moreover, the influence of 


intrinsic properties of the muscle in determining the character of a 


contraction has not been investigated, 
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The objectives of the investigation presented in this thesis can 
be summarized as follows: 1) to increase our knowledge of the 
structure of actinian muscle at the subcellular level; 2) to study the 
fine structure of actinian muscle in different states of contraction 
in order (a) to shed some light on the nature of the two types of 
fiber described by Peteya (1976) and (b) to gain an understanding of 
the organization of the muscle system in relation to the different 
functions it must perform; 3) to approach some questions in neuromus- 


cular physiology from the standpoint -of micro-anatomy. 
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MATERIAL AND METHODS 


Collection and Maintenance of Animals; 

The swimming sea anemone, Stomphia coccinea (Miller), was dredged 
in the San Juan Channel of Puget Sound at depths of about 300 feet and 
maintained in artificial sea water (Instant Ocean) at 12°C. for up to 
two weeks prior to use. The average size of specimens was 1.5 cm. 
in diameter in the mid-column region, Aiptasia diaphana (Rapp) was 
originally obtained off the coast of Bermuda and multiplied in the 
laboratory by pedal laceration. It was maintained in artificial sea 
water at room temperature and fed weekly with frozen Artemia. The 
average size of specimens was 0.35 cm. in diameter in the mid~column 
region. Approximately 30 specimens of each species were used in the 
study. Except where mentioned, all observations were made on at 
least two individuals (of either sex). Hereafter, Stomphia coccinea 
will be referred to as Stomphia and Aiptasia diaphana will be referred 
to as Aiptasia. 

Anaesthesia: 

Prior to fixation for light or electron microscopy, the sea 
anemones were anaesthetized in equal parts of 6.7 percent MgCl, .6H,0 
and sea water for five to six hours, It is possible to narcotize 
Stomphia by introducing the anaesthetic at full strength during the 
refractory period which follows swimming (Sund, 1958), thus eliminating 
the necessity for gradual addition of anaesthetic (Robson, 1961). 
Aiptasia could also be introduced to full strength anaesthetic without 
causing full retraction, since the sphincter is very weak and cannot 


close over the oral disc and tentacles. 
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Electron Microscopy; 


Full expansion of the anemones was achieved by inflation through 
the pharynx using a hypodermic syringe during narcotization, and 
subsequently, during fixation. Whole animals were fixed for two hours 
in 2.5 percent glutaraldehyde in phosphate buffer at pH 7.6 (Dunlap, 
1966; Cloney and Florey, 1968), then dissected and postfixed in two 
percent OsO, in the same buffer for one hour. The tissue was dehy- 
drated in an ethanol series and embedded in Epon or Araldite. One 
micron thick sections were cut for light microscopy and stained with 
methylene blue. These were used to facilitate orientation within the 
tissue when working with restricted fields of view on the electron 
microscope. Thin (silver-gray) sections were mounted on uncoated 
grids, stained in uranyl acetate and lead citrate (Reynolds, 1963), and 
examined with a Phillips EM201 at 60 or 80 KVs. All measurements were 
made on the printed micrographs. 

Light Microscopy; 

For light microscopy, the anemones were fixed in Bouin's or in 
Flemming's strong formula (after Mueller, 1950). The tissue was dehy- 
drated in an alcohol - xylol series and embedded in wax. Sections 
were stained in Masson's Trichrome, after Bouin's fixative, or in acid 
fuchsin and light green SF yellowish, according to Mueller (1950), 
after Flemming's. 

Contraction State Experiments; 

The retractor and the column circular muscles of Stomphia were 
chosen for the experiments because they can be isolated without exces- 
sive difficulty, and because both muscles are comprised of A and B 


fibers. In the retractor, the majority of fibers are of one type (A), 
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and they can be easily distinguished from the Type B fibers on the 
basis of size, as well as myofilament patterns. In the column 
circulars, the epithelial muscles are invariably Type B and the 
mesogleal muscles are invariably Type A. Here again, the two types 
can be easily distinguished on a basis other than the myofilament 
pattems and can be studied in euarion to one another. 

Retractor muscles and pieces of column circulars were isolated 
from Stomphia having mid-column diameters of 1.0 to 2.5 cm. AI11 
dissection was done with anemones which were narcotized for at least 
five hours, according to the technique described above. 

To obtain muscles at resting length or stretched, the isolated 
pieces were pinned out onto wax using porcupine quills and fixed while 
still narcotized. Pieces pulled out to 15 - 20 percent more than 
resting length were considered stretched. For isometric and isotonic 
contraction, the muscles were allowed to recover from the anaesthetic 
for one hour (full responsiveness returns in as little as 15 minutes) 
in normal sea water, following dissection. Contraction was induced 
either by slow introduction of fixative or by exposure for five 
minutes to sea water having 20 percent of the sodium ions replaced by 
potassium (Ross (1960a), demonstrated the excitatory effect of excess 
potassium ions on muscle preparations of Calliactis and Metridium). 
To obtain isometric contractions, muscles were held at resting length 
by porcupine quills; to obtain isotonic contractions, the quills were 
removed from one end of the muscle to allow free shortening. 

Preparation of the tissue for electron microscopy, and for light 
microscopy of one micron sections was done according to the procedure 


described above. 
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There is some confusion in the literature regarding the use of the 
terms "fiber", "fibril" and "filament". The terms were first used 
extensively in the description of vertebrate skeletal muscle with the 
following strict denotations: (a) “filament” (i.e. myofilament) 
refers to the filamentous proteins, actin (70A) and myosin (150A) 
which together make up the contractile unit; (b) "“fibril) (i.e. 
myofibril) refers to a discrete group of filaments usually bundled 
together in some way; (c) "fiber" (i.e. myofiber) refers to an entire 
muscle cell, composed of many myofibrils. The last term, "fiber", 
is also used to describe the fibrous protein of connective tissue, 
collagen (diameter = 200 ~ 1000A (Leghissa and Mazzi,1969). In this 
thesis, the terms "fiber" and "fibril" will be used as equivalent terms 
since there is usually only one fibril per fiber. The term "fiber" 
will also be used to refer to collagen. The term "filament" will be 
used to refer to any small filamentous element with a diameter less 
than 200nm. Whenever necessary, the prefix "myo'' will be used in 
connection with the muscles, to avoid confusion with non-muscular 
fibers (i.e. collagen) and non-muscular filaments (i.e. filaments of 


supporting cells). 
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RESULTS 
I. ANATOMY AND HISTOLOGY 


A brief summary of the anatomy and histology of actinians is 
given here for the sake of orientation. For a more detailed account, 
see Stephenson (1923) and Hyman (1940). 

The main body of a sea anemone is made up of a hollow cylinder, 
the column, closed below by the pedal disc and above by the oral disc 
which bears a variable number of hollow tentacles around its circum- 
ference (Fig. 1). The oral disc is perforated in the center by the 
mouth, which leads into the pharynx. The cavity enclosed by the body 
and tentacles is the gastrovascular cavity, or coelenteron. It is 
filled with fluid, the amount of which can be varied, and constitutes 
a hydrostatic skeleton. Tee ene eas enl ar cavity is divided into 
compartments by the septa (mesenteries), thin sheets of tissue which 
extend radially from the column to the pharynx, and longitudinally 
from the oral disc to the pedal disc. The septa are produced in pairs; 
the space between the members of a pair is termed the endocoel; the 
space between pairs is the exocoel. In most species, the younger pairs 
of septa do not connect with the pharynx at their median edge. The 
free edges of these, and of the complete septa below the level of the 
pharynx are specialized into thin gastric filaments which in several 
important families, continue as a long thread or acontium and hang 
freely in the gastrovascular cavity. 

Only two tissue layers are present; a true mesoderm is lacking. 


The two layers are separated by the mesoglea, a layer of connective 
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tissue produced by the epithelia (Fig. 2a and b). 

The greater part of the endodermal epithelium is made up of 
epitheliomuscular cells in a single layer. These have three parts: 
a cell body, a narrow peduncle, and a muscle fiber which lies on the 
mesoglea. Virtually the whole endoderm therefore, forms a continuous 
sheet of muscle. Briefly, the major muscle fields in the endoderm are 
the retractors, parietals, parietobasilars (in some species) on the 
septa, and the circular muscles of the column, pedal disc, pharynx, 
oral disc and tentacles. The retractors are powerful longitudinal 
muscles (present only on the complete and larger incomplete septa) 
which pull down the oral disc in response to adverse stimuli. The 
parietals, located at the junction of each septum with the column, 
constitute the main longitudinal musculature acting on the column. At 
the top of the column the circular muscles are often developed into 
a sphincter which closes over the tentacles after retraction of the 
oral disc. In some muscle fields, the epitheliomuscular cells are 
modified such that all or most of the cell bodies associated with the 
muscle fibers are reduced and the nucleus and organelles are located 
adjacent to the myofibril. In this case the muscle cells are usually 
located at the base of the epithelium or below it, embedded in the 
mesoglea. Muscle fields in which the fibers maintain connection with 
the epithelium will be referred to as epithelial muscles. Fields in 
which the fibers are located in the mesoglea will be called mesogleal 
muscle, This is a simplification of the terminology introduced by 
Carlgren (1949). 

Interspersed among the epitheliomuscular cells are gland cells, 


sensory cells and amoebocytes. The amoebocytes are small wandering 
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cells, unspecialized or weakly phagocytic, which can be found inserted 
anywhere in the anemone tissue. The gonads are located on the retract- 
or bearing septa, between the retractor and the gastric filament. The 
gastric filaments are tri-lobed structures consisting of gland cells, 
nematocytes and supporting cells. If the anemone contains symbiotic 
algae, these are located inside eracdenat epithelial cells which have 
no muscle fiber. 

The ectoderm is made up mainly of tall, narrow supporting cells. 
Interspersed among these are at least two types of gland cell , 
sensory cells and the nematocytes. In the ectoderm of the tentacles, 
oral dise and pharynx, and also in the column and pedal disc of some 
primitive species, modified epithelial cells form a muscle layer which 
lies directly on, or is embedded in the mesoglea In the siphonoglyph, a 
groove formed by a fold in the wall of the pharynx, the ectoderm is 
ciliated. 

The nervous system forms part of a plexus of fibers located 
between the cell bodies and muscle fibers of the epitheliomuscular 
cells in the endoderm, and similarly, at the bases of the supporting 
cells in the ectoderm. The plexus, composed of nervous and non-nervous 
fibers, reaches its greatest development in the ectoderm of the tenta- 
cles, oral disc and pharynx, and in the endoderm at the base of each 
septum, above the parietal muscles. 

The mesoglea is composed of a network of fibers which are probably 
collagenous, embedded in a matrix whose chemical nature is as yet un- 
known. Amoebocytes, small mesogleal cells, mesogleal muscle cells and 


possibly nerve fibers, are the only cell types in the mesoglea. 
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II. THE MUSCLE FIELDS 


Organization of Epithelial and Mesogleal Muscle; 

The organization of epithelial and mesogleal muscle fields is 
iilustrated in Fig. 3. In epithelial muscle (Fig. 3a and b), the fibers 
form a two dimensional sheet which lies on the mesoglea. The muscle 
sheet is separated from the epithelium proper by the nerve plexus. 
Mesogleal muscle fibers are located in bundles embedded in the mesoglea 
(ie 3c). in contrast. to epithelial muscle, muscle bundles embedded 
in the mesoglea are relatively isolated from the nervous system. 

Increase in strength of the muscle field is accomplished by in- 
creasing the number of fibers. In epithelial muscle, this increase is 
accomodated by folding of the muscle sheet, thus forming lamellae 
which extend into the mesoglea (Fig. 3b); the fibers maintain connec~ 
tion with the epithelium through their peduncles. The area inside each 
lamella contains the peduncles of muscle fibers as well as any nerve 
fibers which may descend from the plexus and thus constitutes a deep 
layer of the plexus. Increase in size of a mesogleal muscle is 
accomplished simply by increasing the number and/or size of the fiber 
bundles. 

Robson (1957) observed a considerable interstitial space in the 
area of the plexus in the retractor of Metridium. She postulated the 
existence of a hydrodynamic fluid in this sub-epithelial space which 
would facilitate adjustment of the epithelium to changes of shape 
accompanying contraction in the muscle field. The size of the sub- 


epithelial space shows no clear correlation with the size of the 
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adjacent muscle field in Aiptasia and Stomphia, The space is small 
in all fields except in the endoderm of the oral dise and pharynx, 
where it can be considerable (Fig. 4). In general, the space is 
larger in Stomphia than in Aiptasia in all fields. In the retractor 
and column circulars of Stomphia, no detectable change in volume of 
the sub-epithelial space occurs as a result of contraction. 

a) ey lhesepta; 

The retractor in both species is a very large muscle and is pre- 
dominantly epithelial (Fig. 5). On the exocoelic face of the septum 
(opposite the retractor), there is a thin sheet of epithelial muscle 
fibers which is longitudinally oriented over much of the septum; at the 
base of the septum, the fibers are transversely oriented, forming the 
basilar muscles, and at the level of the pharynx, on the complete septa, 
there is an additional transverse component to this field. The 
parietal muscles are epithelial, and are located on both sides of the 
septum at its junction with the column. In Aiptasia, the parietals 
are equally developed on both faces of the septa. In Stomphia, the 
parietal of the exocoelic face fans out toward the base of the septum 
and forms the parietobasilar muscle. The medial edge of the parieto- 
basilar is marked by a fold in the septum which runs diagonally from 
the column to the center of the pedal disc. Although the parieto- 
basilar is predominantly an epithelial muscle, at the base of the 
parietobasilar fold, there is a small mesogleal component (Fig. 5b). 
b) The column; 

The column circulars in Aiptasia are composed of a continuous, 


oy 


unfolded sheet of epithelial muscle, According to Carlgren (1949), 
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Aiptasia has a weak mesogleal sphincter but this was never observed. 
In Stomphia, the column circulars have a mesogleal as well as an 
epithelial component. At the top of the column, the mesogleal com- 
ponent is developed into a strong sphincter. 

The Tentacles , Oval. Disc and Pharynx; 

The tentacles, oral disc and sneriee in both species have a 
circular muscle field contributed by the endoderm and a longitudinal 
field contributed by the ectoderm. In Stomphia, at the oral end of the 
siphonoglyph, there appears to be a local development of the ectodermal 
muscles. In this area, the orientation of ectodermal fibers is shifted 
LEuom aongi tudinal to, circular, forming a sphincter (Pig.. 6),4 The 
ectodermal muscles are epithelial except in the tentacles and oral disc 
of Stomphia, where they are sunk into the mesoglea. The circular 
muscles in both species are epithelial. 

At the base of the tentacles, ectodermal muscle fibers have been 
observed crossing the mesoglea and contacting the retractor muscles of 
the septa in both species, and the sphincter in Stomphia (Fig. 7). 
Similarly, the oral disc ectodermal fibers have been observed crossing 
the mesoglea and contacting the retractor muscles (Fig. 8). 

The Pedal Disc; 

The pedal disc muscles in both species are epithelial. In 
Aiptasia, the muscle is a flat sheet, as in the column; in Stomphia, 
the field is more strongly developed, particularly towards the center 
of the disc. At the junction of the septa with the pedal disc in both 
species muscle fibers have been observed crossing the mesoglea and 


contacting the pedal disc ectoderm (Fig. 9). These fibers appear to 
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originate from the basilar muscle of the septa. 


III. THE MESOGLEA 


Organization of the Mesoglea; 


The mesoglea can be divided into two parts on a structural basis: 
a superficial layer and a deep layer. In Stomphia, the superficial 
layer adjacent to a muscle field is 100 - 400 nm. deep and consists 
of collagen fibers oriented parallel’ to the myofilaments (Fig. 10a and 
b). The collagen fibers can sometimes be seen inserting into the base- 
ment membrane of the muscle, which is approximately 90nm. thick 
(Fig. 10b). In Aiptasia, a similar situation is seen only in the re- 
tractor. In other fields the basement membrane is much thicker, 
approximately 150nm, and there is no layer of collagen fibers running 
parallel to the long axis of the muscle (Fig. 11). The basement 
membrane lies directly on the deep layer of the mesoglea, and is con- 
sidered to be the equivalent of the superficial layer in Stomphia. 

In the deep layer of the mesoglea in both species the collagen 
fibers are organized into bundles which in turn form a complex net- 
work (Fig. 12). The pattern of the vapege has been studied in 
detail in the column of Stomphia, through examination of thick and 

thin plastic sections, In Stomphia, the predominant network is made 
up of two sets of folding lattices. In the column, the two sets 


of lattices are oriented at 45 degree angles to the long axis of 


the muscle and at right angles to each other, and run diagonally across 
the mesoglea from endoderm to ectoderm. In addition to the double 


lattice there are bundles of collagen fibers interspersed in the net- 
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work which are oriented parallel to the muscle fibers. Also, along 
the junctions of the septa with the column, bundles of collagen fibers 
are inserted into the column mesoglea and fan out as they extend 
across to the ectoderm. All of the bundles in the mesoglea appear to 
interchange some collagen fibers with one another and in this way the 
whole framework is loosely spliced together. 

Although the organization of the network in the deep layer of the 
mesoglea is basically similar throughout, the density and size of the 
deep layer is variable. The mesoglea in Stomphia is much thicker than 
that of Aiptasia in all fields. In both species the mesogleal fibers 
are packed very densely in most regions except in the oral disc, 
pharynx and retractor. In these areas the fibers are packed more loose- 
ly and the network is less rigidly organized. 

The Effect of Contraction on the Mesoglea; 

Changes in the mesogleal network of the column of Stomphia, result-— 
ing from eae muscle contraction were studied. In the whole 
animel, when contraction of the circular muscles of the column occurs 
with loss of hydrostatic fluid, the result is a decrease in diameter 
without a corresponding increase in height. This represents an isotonic 
contraction. In the deep layer of the mesoglea, it results in a de- 
creased angle between the two lattices of the network and a correspond- 
ing increase in the thickness of the column wall (Fig. 13a). It is 
more usual, however, that contraction occurs without loss of hydrostatic 
fluid from the coelenteron. In this case hydrostatic pressure is 
generated by the circular muscle contraction; in the mesogleal network 
this causes a decrease in the angles within the two lattices along — 


the oral aboral axis and results in extension of the column (Fig. 13b). 
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In either case, in the deep layer the effect of contraction is 
on the angles within the network; the fibers do not bend appreciably 
and the basic organization is maintained regardless of the contraction 
state of the muscles, Contraction seems to affect the superficial 
layer of the mesoglea very little, and the collagen fibers of this area 


remain parallel to the long axis of the muscle. 


IV. THE EPITHELIOMUSCULAR CELL 


Differentiation in the muscular system of actinians takes the form 
of variations on a simple organization which has as its basic unit the 
epitheliomuscular cell. A diagram illustrating the characteristic 
features of this cell type, as it occurs throughout the sea anemone, 
is given in Figure 14. Typically, the cell is in three parts: the 
muscle fiber, which lies on the mesoglea, the cell body, in the 
epithelium, and the peduncle, which connects the two running through 
the sub-epithelial nerve plexus. The fine structure of each part will 
be described separately. 

The, Muscle Fiber; 

The muscle fiber contains the myofilaments and the organelles 
associated ae contraction. Both thick and thin filaments are present, 
The filaments are not arranged into discreet sarcomeres, and therefore 
fall under the general classification of "smooth" myofibrils. Dense 
bodies, a characteristic structure in many smooth muscles, have not 
been observed among the myofilaments and except for a few microtubules 


and vesicles, the myofilament area is generally free of inclusions. 


Two different types of muscle fiber have been observed in both Stomphia 
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and Aiptasia, 


1) In Type A fibers (Fig. 15 and l6a), the diameter of the thin 
filaments is 75A and that of the thick filaments is 180A. The length 
of the thick filaments is approximately 1.5n. The overall ratio of 
thin to thick filaments is approximately four to one, and the average 
number of thin filaments associated with one thick filament is six. 
The average distance between thick filament centers is 490A. Al- 
though there is no distinct pattern to the myofilament organization 
as seen in striated muscle, it is evident in cross section that the 
distribution of thick filaments is not entirely random. There are many 
areas within the fibril that contain only thin filaments (Fig. 15b). 
In longitudinal section, this appears as a faint and loosely organized 
striation (Fig. 15a). 

2) In Type B fibers (Fig. 16b and c), the diameter of the thin 
filaments is again 75A. The diameter of the thick filaments is 
highly variable, ranging from 180 to 1100A, and on the average (225A), 
is greater than in A fibers. The length of the filaments is also 
variable; the filaments with the greatest diameter tend to be the 
longest, and can be up to7p in length. In longitudinal section, a 
regular banding with a period of 110A is visible in the thick filaments 
of greatest diameter (Fig. l6c). The filaments are not as densely 
packed as in A fibers; the average distance between thick filament 
centers is 650A. The overall ratio of thin to thick filaments is 
approximately three to one, and the average number of thin filaments 
associated with one thick filament is five. The regular, clumped 
distribution of thick filaments which was observed in A fibers is only 


rarely seen in B fibers. Rather, the thick filaments tend to be 
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distributed irregularly with the thin filaments in association leaving 
filament free areas within the fibril. 

The basic pattern of myofilaments in A fibers is very consistent. 
In B fibers, however, the myofilament pattern is not fixed, but highly 
variable, even within one muscle field in different individuals. The 
main variation is in the number, distribution and diameter of the thick 
filaments, as illustrated in Figure 17. In spite of this, 
the B fibers are distinguishable from the A fibers in all cases. 

The distribution of Type A and Type B fibers in Stomphia and 
Aiptasia is given in Table I. The distribution is similar in the two 
species, with the possible exception of the tentacle and oral disc 
longitudinal muscles and the pedal disc circulars. The tentacle and 
oral disc circular muscles in Stomphia appear to. be composed entirely 
of A fibers, while in Aiptasia they have both A and B components. 

In Stomphia, the bases of the support cell peduncles often 

contain longitudinally oriented thick and thin filaments although in 
some areas only thin filaments have been observed. Where thick fila- 
ments are preserved the support cells appear to be intermediate in 
structure between epitheliomuscular cells with Type B fibers and the 
support cells found in the column and pedal disc ectoderm. It is 
possible thet the bases of these cells contribute a B fiber component 
to the tentacle and oral disc longitudinal muscle. 

The distribution of the two fiber types in the pedal disc circulars 
of Stomphia and Aiptasia is not entirely clear. In Stomphia, the 
circular muscles of the peripheral part of the disc are composed of A 
fibers. At a distance of two to three millimeters from the column there 


is an abrupt changeover and the circular muscles from that point to at 
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least three millimeters inward are composed of B fibers. The muscle 
fiber composition of the center of the disc is as yet undetermined. 
The pedal disc of Aiptasia has not been studied intensively; although 
only B fibers have been observed in this region, it is possible that 
A fibers are also present. 

Inclusions of the muscle fiber other than the myofilaments are 
located adjacent to the myofibril (Fig. 14 and 18). These are the 
mitochondria, microtubules, numerous, small electron dense particles 
which are probably glycogen, small, electron dense vesicles, and a 
system of clear tubules tentatively identified as the sarcoplasmic 
reticulum. Although this identification can not be confirmed without 
the demonstration of the presence of free calcium in the tubules, the 
system is very similar to the sarcoplasmic reticulum described in 
other invertebrate smooth muscles (MacRae, 1965; Rogers, 1969). 

The sarcoplasmic reticular system is well developed only in 
Stomphia. In Aiptasia it is generally limited to individual membrane 
sacs, and a "reticulum" is rarely seen (Fig. 18b). In Stomphia, the 
tubules occur in clusters (Fig. 18a and Fig. 19); they have an average 
diameter of 110mm and are aligned roughly parallel to the myofilaments. 
The inner surface of the membrane is coated with electron dense 
material and the lumen of each tubule is clear. The reticulum is 
present in most muscle fields of Stomphia, and is well developed in the 
retractor, parietal, parietobasilar and sphincter muscles (Fig. 19). 
The amount of reticulum in a muscle does not appear to be related to 
the type of fiber present. 

The muscle fibers are larger in Stomphia than in Aiptasia and in 


both species A fibers are larger, on the average, than B fibers. The 
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average cross sectional area of A fibers in Stomphia and in Aiptasia is 
oe and Meats tee respectively. The average cross sectional area of B 
fibers is Tesi and bueane respectively, except in the retractor where 
it: is Ob Gus and 0.27 respectively. 

Individual muscle fibers are interconnected laterally and at their 
ends by desmosomes (Fig. 20). The desmosomes have a constant inter- 
cellular gap of 340A, and a fibrous layer on either side. Thin fila- 
ments and thick filaments of B fibers can sometimes be seen entering 
the end desmosomes, but do not appear to contact the lateral desmosomes. 
No other type of specialized intercellular junction has been observed 
between the muscle fibers. 

Small, finger-like processes of the sarcolemma, approximately 
80 to 140nm in diameter, are present on many of the muscle fibers 
(Fig. 14 and 21), In epithelial muscle these sarcoplasmic 
extensions run parallel to the muscle layer in the plexus and are 
intimately associated with the nervous system. The sarcoplasmic 
extensions in the mesogleal muscle of Stomphia are located in the core 
of each bundle of fibers. They are infrequent in the mesogleal muscle 
of the tentacles and oral disc; in the sphincter and in the column 
mesogleal muscle the extensions are numerous and often form a spiral 
in the core oe the muscle bundle (Fig. 21c and 4d), 

The Peduncle; 

The peduncle is a narrow stand of cytoplasm, 80 to 200nm in 
diameter, which passes through the plexus and connects the muscle 
fiber to its cell body (Fig. 14 and 22). In both A and B fibers, 
the peduncles and sarcoplasmic extensions have a granular cytoplasm 


and contain microtubules, small mitochondria, thin (75A) filaments, 
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and occasionally, elements of the sarcoplasmic reticulum. The 
peduncles of B fibers also contain thick (170A) filaments, in addition 
to the other inclusions. 

The Cell Body; 

The fine structure of the cell body varies with the function of 
the epithelium of which it is a part. Endodermal epitheliomuscular cell 
bodies are generally digestive cells containing lysosomes in various 
Stages (Fig. 23). The cells form microvilli at their apical surface 
and have one (rarely more) flagellum*with a well developed striated root. 
In some endodermal cells, an accessory striated structure of variable 
periodicity has been observed in association with the striated root 
(Fig. 24). The long axis of the structure is composed of parallel 
filaments 80 to 150A in diameter, separated from each other by 250A. 
The major axial period varies from 0.14 to 0.22n. At the distal end of 
the structure, the filaments of the long axis appear to insert onto the 
cell membrane, which is generally curved inward at the point of in- 
sertion. There is no consistent orientation of: the structure within 
the cell, either with respect to the cell surface or to the striated 

root (which forms an angle of approximately 60 degrees with the cell 
surface). The structure has been found in epitheliomuscular cells of 
the mid-column of Aiptasia, and above the retractor in both Stomphia 


and Aiptasia. 


The Effects of Contraction @n the Fine Structure of the Muscle Fiber; 
The effect of contraction state on the fine structure of the 
muscle fibers was studied, using the retractor and column circular 


muscles of Stomphia (Figs. 25-27). These muscles contain both A and B 


fibers, and therefore provide an opportunity for investigating the 
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possibility that the two types might represent differences in con- 
traction state of a single kind of muscle. 

In general, the effects of isotonic and isometric contractions 
were the same, except that in isotonically contracted muscle the 
myofilaments were thrown into considerable disarray in some areas. 
Although finger-like folds of the sarcolemma appeared in some areas, 
particularly in isotonically contracted muscle (Fig. 27d), the contour 
of the muscle fiber usually remained regular and unfolded. The cross 
sectional area of A and B fibers from the column, and of A fibers from 
the retractor increased with contraction and decreased with stretch. 
The cross sectional area of B fibers from the retractor increased, 
both with contraction and with stretch. 

In Type A fibers (Fig. 25 and 27) the areas free of thick 
filaments which were observed in the resting state, disappeared with 
contraction but were not affected by stretch, No change was detected 
in the diameter or the length of the thick filaments. In Type B fibers 
of the column (Fig. 26) the number of very large diameter thick 
filaments increased, both with contraction and with stretch, resulting 
in an overall increase in the average diameter of the thick filaments 
from 225A to 290A. The average length of the thick filaments increased 
from/Sv0g toma.0.° in the retractor “the filaments of ‘ype B fibers 
were sometimes poorly preserved, both in the myofibril and in the 
peduncle, and could not be distinguished from the dark sarcoplasm which 
appeared in contracted muscle (Fig. 27c and d) and to a limited extent 
in stretched muscle (Fig. 27b). Nevertheless, some very large diameter 
thick filaments were observed in B fibers from contracted and stretched 


retractor. It seems likely that the thick filaments in these fibers 


24. 


U he ae ‘= & 
1 
bbe ieee; iit Cgree hie, wes 
4 ; 
4! 4 > } } } : " 
é > e . A? 
: ef Ae any 5 
reads Teg (eke ae 


. = 
t F ts 
ae trey? PYS thir toch) alphas nee 
3 rh re) “sey i - i ear’ 
fs ba - v a . ; : iy ors o> a pe Hise 

a oll hina fpettaas.y 

bp ded Aa faa tess =: 
- 


Y..0 it eweane eet 


g2Al 5 


4 
oy 
= 
> 
nr 
, 
ra 
wi 
c 
> 
7 


yu - ‘Vist Bie any eG ead vies 7 Pc AP sidan 

y Shots? Sias=ales “lsde ania boSls ‘i Ti) hoa ege* sighted . 

x : \ a 7 - : 
VETOE YT Ags) ie Beek ie Bet ihonts BY: 1m sad nf = ai 7 

= aie A? bor Bae heh sard vr ne stad) | aneehewa tails % 

mega me ings | 4 Ris “ee work hoes i o2h- “aa 
‘tng ns aa sae a 


ore sie 
ba ieee din a bay! Bs? Bae i fis ay =. i stat Red geens 


respond in a similar way to contraction state as those in Type B fibers 


from the column. 
V. NERVOUS INTERACTION 


An extensive description of the nervous system of Stomphia has 
recently: been completed by Peteya (1976). This study, therefore, will 
include only a brief report on observations of synapses and neuromuscu- 
lar junctions in Aiptasia and Stomphia. 

Synapses and neuromuscular junctions can be recognized in Stomphia 
and Aiptasia at a fine structural level by several characteristics: 

1) an aggregation of vesicles closely apposed to the pre-synaptic mem- 
brane; 2) a synaptic cleft with a uniform gap of approximately 200A; 

3) an increased electron density in the pre- and post-synaptic membranes 
of an interneural junction. Neuromuscular junctions may occur on the 
peduncles, the sarcoplasmic extensions, or on the muscle fiber direct- 
ly. The size and density of synaptic vesicles will be used almost 
exclusively as the basis for characterization of particular types of 
synapses and neuromuscular junctions. 

Neuromuscular Junctions; 

In Aiptasia, only one type of neuromuscular junction has been 
observed, The junction occurs on the sarcoplasmic extensions or direct- 
ly on the myofibril of the longitudinal (ectodermal) muscles of the 
tentacles and oral disc (Fig. 28). The synaptic vesicles are 48nm in 
average diameter (range 42 to 79nm) and contain light granular material. 

In Stomphia, three different neuromuscular junctions have been 


observed. 1) A junction occurs on the peduncles or sarcoplasmic 
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extensions of the A fibers of the retractor (Fig. 29). The synaptic 
vesicles are 74nm in average diameter; they are dense cored or uni- 
formly light and sometimes appear collapsed. The junction is observed 
frequently, and on two occasions, a single nerve fiber was observed 
innervating at least six muscle fibers (Fig. 29a). '2) Neuromuscular 
junctions have been observed on the peduncles or sarcoplasmic ex~ 
tensions of fibers from the parietals, the column epithelial circulars, 
and the oral dise and pharynx circulars (endodermal) (Fig. 30). All 
of these muscle are composed of Type B fibers. The synaptic vesicles 
of the junctions all have a similar average (7lnm) and range (58 to 
110nm) of diameters and similar appearance. The vesicles make up a 
mixed population, having dense, dense cored or light contents. The 
largest vesicles tend to be the most dense. Although it is possible 
that the junctions observed in these fields represent input from sever- 
al different nerves, they are considered here as a single type of 
junction on the basis of the morphology of their vesicles and of their 
occurrence exclusively on B fibers of the endoderm. 3) In the ecto- 
derma] muscle of the tentacles, a nerve fiber from the ectodermal 
plexus descends into the muscle bundles and innervates the fibers 
(Fig. 31). The neuromuscular junction is most frequently observed 
directly on the muscle fiber, although it occurs occasionally on a 
sarcoplasmic extension. The vesicles are dense cored or light and 
have an average diameter of 65nm. 
Synapses}; 

Four different synapses have been observed in Aiptasia (Table II). 
1) and 2) Two different synapses have been observed in the column 


endoderm. The first (Fig. 32a and b) is a reciprocal synapse with many 


Pag - ee a 


_ ae o> 


; ig? xewatt= <_ eG PE a ee eA © OP 
made 7d: CE y 


a 
_ 


=) jeg 5 e 
.evienta 6). vet hy 


hawrGe"= a! % : = | rere 


salreauenrud | i¢. : Pus ate 


acl a are a.) tam] 
De Gas. ut ; & a : y = Dies fag - en | ro 2 


eT ee , wad jp onb tenets, qadlsaady 


be 4oW- tients ¢ co eral (2a Rleeeb ‘ot eed) - eee oe 
> - > 


7 


en43. 1a Sus . er} Ge x Wig ihe niace acl? er 


< ’ 


ee oe et ee ct 1. hegee y lovbeuréeae 


; en 
Reveeecs¢@ 21 ae a sk avesu-s Pr, mid Te ote : 

4 : - # 
Otsdts om agartairt® pay cal hye diaewe ed? ethed 
howseese Pi isonp.e? cere of ro msc! geleceuquelia onT 


3 arrres-26 ip eiida’ | ysel > ete ely aes 
' ‘ _ 
32- Ave Bergh ise cbf ip et THAIS nm 


° ra 
> 


ot 


2th 5 eeCameds 


+ F 
o « 
r 


Sk Py sets Hid BabA Somat ’ 
- : ay) os a 


Zi 


clear vesicles, 60nm in average diameter. The second (Fig. 32b) is 
polarized, and has light granular vesicles with an average diameter of 
67nm. The post-synaptic fiber of this synapse is the first fiber, 
described above, 3) In the oral disc and tentacle ectoderm a recipro- 
cal synapse having clear vesicles with an average diameter of 78nm has 
been observed frequently. 4) The fourth synapse has been observed only 
once, in the plexus of the parietal, near the retractor (Fig. 32d). 
It is polarized and has light, granular vesicles with an average 
diameter of 49nm. 

Seven different synapses have been observed in Stomphia (Table III). 
1) and 2) Two synapses are present in the ectodermal plexus of the 
tentacles and oral disc (Fig. 33). The first has dense core vesicles 
with an average diameter of 68nm and is polarized. The second has 
dense or dense core vesicles with an average diameter of 80nm and can 
be polarized or unpolarizec. 3) In the endoderm of the oral disc and 
pharynx, a reciprocal synapse having granular synaptic vesicles with 
an average diameter of 55nm has been observed frequently (Fig. 34). 
4) In the septa above the retractor there is an unpolarized synapse with 
clear or granular vesicles having an average diameter of 68nm (Fig. 35). 
5) and 6) In the plexus above the parietal muscles there are two synapses 
(Hig. 36 and: 37). The first (Fig. 36) is reciprocal and has granular 
synaptic vesicles with an average diameter of 51nm. The vesicles in 
this fiber, as well as in the Type 4 fiber described above, are sus- 
ceptible to fixation damage and their een is therefore quite 
variable (Fig. 35 and 36). The second synapse of the parietal plexus 
has been observed only once, It is polarized and has lightly granular 


synaptic vesicles with an average diameter of 68nm (Fig. 37). 


vee a — ao 1 os A. 4 : i, 7 re “OO 7 - -_ ee A " 7 
en ; i ’ : =! , 
*) 7 iG cow f - 
. - = > ; : 4 AY . 


my ae , ia ira) Cs Lee | 7 ea) Ey 14 {ie nye’ ee ane et 
c : 
in satamoee SaRST-@ ar 


he Py > S305 adit > 


«ae 
Oc Tr 
~~ a ® t- ij 
= - A i 
we j “ > ‘ @ 4; 7 hd x 4 “— ae t * Oh 


‘ee =< ay hee ie : is Sighs VA co aed 


e432 4ery’ ope As Pis'r7! - (abe = 6 free ae eA ee 


de aN ; : a » f 
mee peo) “Whee Loy tae ees Sie nh: Seer ore Villans Se 


SB GOST "47 “Sti ah ‘peaks HOS TIOE (4s UE Pee end al oe 


TRS pomed ei bag F005 ti SdT.6. Tae vagy, 10 eat) GE pie eas 


» Bs 


i be kota ys? ‘3a ate Pics sty erste en Oi calnibaws 


> 


~ia. oe Libis bed at wapty, 2 wices Aidt a ee Line " 


ws ane wd Pvtikiayige: ths: bee nite at nat? Ry 


#5 2 9 i giall'> bates int ‘ea a 
igh Inet pow and aan 30° sims hoa 


ie 7 7 
> : ¢ 


7) In the plexus overlying the sphincter, a reciprocal synapse has 
been observed; the synaptic vesicles are clear or lightly granular 
and have an average diameter of 78nm (Fig. 38). 

A nerve fiber has been observed in the deep plexus of the pedal 
disc circular muscle passing out between the muscle fibers into the 
mesoglea (Fig. 39). The fiber contains many microtubules and a pop- 
ulation of dense or dense core vesicles with an average diameter of 
98mm. The fiber has been observed in the endodermal plexus of the 
pedal disc, and in both the ercedernat and the ectodermal plexus of 
the oral disc. It is possible that the fiber is also present in the 
ectodermal plexus of the pedal disc, however, this has not yet been 
confirmed. Although no synapse of this fiber has ever been observed, 
it is mentioned here because it possibly represents a nervous connec- 
tion between the ectoderm and the endoderm in the oral disc and the 


pedal disc. 
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DISCUSSION 


Discussion of the results will be limited to three topics; 1) the 
fine structure of the mesoglea; 2) the function of the sarcoplasmic 
extensions; 3) the nature of Type A and Type B fibers, and their signi- 
ficance in the interpretation of actinian behaviour. 

1) The Mesogica; 

The muscle fibers of actinians operate over their length, by de- 
forming the adjacent mesoglea, rathet than over their ends, as in in- 
Sect and vertebrate skeletal muscle. Each muscle field, therefore, 
forms a unit with the underlying mesoglea with which it is functionally 
inseparable (Batham and Pantin, 1951; Gutmann, 1966). This intimacy of 
functional contact between the muscles and the mesoglea imposes very 
specific demands on the fibrous organization of the mesoglea and the 
relationship of mesogleal fibers with epitheliomuscular cells. 

A superficial and a deep layer can be recognized in the mesoglea. 
The function of the superficial layer is to provide a surface for 
attachment of the muscles and to convert shortening in the muscles to 
an integrated change in the network of the deep layer. Batham and 
Pantin (1951) suggested that the superficial layer of the mesoglea must 
be fiberless, in order to follow the folding (buckling) of the muscle 
layer which occurs as a result of contraction in an opposing muscle 
field, Gutmann (1966) argued that the superficial layer must be 
composed of densely packed fibers, if it were to effectively transmit 
tension from the muscle layer to the fiber network, 

The results of the present study indicate that there is some 


variation in the structure of the superficial layer. 
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In Aiptasia, except in the retractor, the layer is composed of a fine 
filamentous net. In Stomphia and in the retractor of Biptasiasy it is 
composed of densely packed collagen fibers aligned parallel to the 
axis of the muscle fibers, The significance of the variation in the 
structure of the superficial layer is unclear. It is tempting to 
suggest that the difference might relate to the degree of development 
of the muscle field. In Stomphia, virtually all of the muscle fields 
are relatively strongly developed, such that the muscle does not form 
a flat sheet, but is folded into the mesoglea. In Aiptasia, only the 
retractor muscle is permanently "buckled" and all other fields form 
flat sheets lying on the mesoglea. 

If this association holds in other genera, it could be proposed 
that a fibrous superficial layer can serve to increase the effectiveness 
of the muscle fibers located at a distance from the deep layer, so 
that the buckled field can function as an integrated unit in deforming 
the deep layer. In the weaker, sheet muscle fields, all of the muscle 
fibers are closely apposed to the deep layer and can deform it without 
the specialized fibrous superficial layer. If the fibrous layer is a 
requirement of a buckled muscle field, one might ask why it could not 
be fulfilled by a filamentous superficial layer. It can be assumed 
that this layer in the muscle fields of Aiptasia, where it occurs, 
effectively transmits the contraction of the muscles to a tension on 
the mesogleal network, and it seems that similar forces would be in- 
volved in integrating the contraction of a buckled muscle field. Un- 
fortunately, there is not enough known about the forces involved in 
contracting actinian muscle fields to be able to answer this question 


satisfactorily. 
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The function of the deep layer of the mesoglea is to resist the 
hydrostatic pressure of the coelenteron and in so doing to give 
Support to the animal, at the same time allowing free and effective 
movement of the attached muscle fields. The deep layer is composed 
of a network of interconnected fiber bundles embedded in a fluid or 
semifluid matrix. According to Chapman (1953a) and Leghissa and Mazzi 
(1959), the network is-organized as a double crossed helix of fibers, 
in parallel through the depth of the mesoglea. Gutmann (1966) pointed 
out that since the muscle fibers act by deforming the network, it is 
essential for the effectiveness of the muscles that tension in the net- 
work be maintained at all times. In this regard, he suggested that any 
model of the mesogleal network must include a major fiber component 
going across, as well as around the mesoglea. The analysis of the fine 
structure of the mesoglea in the column of Stomphia indicates that the 
network is made up of two crossed lattices oriented at right angles to 
each other, running obliquely from endoderm to ectoderm. Contraction 
in the muscle results in a change in the angles of the network in the 
oral-aboral direction (with contraction against hydrostatic pressure) 
or across the body wall (with contraction and loss of hydrostatic fluid). 
The organization of the network is such that tension in the fibers 
of the network is maintained, regardless of the extent of contraction 
in the muscle, and thus effectiveness of muscle fiber shortening is 
preserved over a wide range of lengths of the muscle. 

The question has been raised of whether or not the mesoglea under- 
goes changes of shape at constant volume, and it has been implied that 
during contraction of the muscle, loss of fluid from the mesoglea may 


occur (Batham and Pantin, 1951), In the mesoglea of the column of 
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Stomphia, this possibility seems to be unlikely, although it is 
difficult to answer this question, since investigation requires dis- 
section, and thus distortion of the network - fluid system. However, 
examination of tissue sections combined with observations on the whole 
animal allow some speculation. It has been observed that in the column 
of Stomphia the mesoglea either increases in thickness (with a loss of 
coelenteric fluid) or increases in height (with retention of coelen- 
teric fluid) in proportion to. the decrease in its circumference, result- 
ing from contraction in the circular’muscle field. This suggests that 
the mesoglea itself acts as a hydrostatic system, operating at constant 
volume. Moreover, there appears to be no outlet for a fluid loss from 
the mesoglea. Robson (1957) observed a considerable subepithelial 
space in the area of the nerve plexus of the ectodermal musculoepithe- 
lium in Metridium; she suggested that movement of fluid between this 
space and the mesoglea might provide a means for accomodation of the 
mesoglea to contraction, and also might facilitate adjustment of the 
overlying epithelium to changes in shape of the muscle layer. This 
relationship between musculoepithelium and mesoglea seems unlikely. 
With the demonstration by Peteya (1976) of a dense fiber plexus in the 
area of the sub-epithelial space, it is clear that the space cannot be 
nearly as large as Robson had first considered (previously, recognition 
of much of the plexus was prevented by fixative~induced damage). In 
any case, no possible connection between this space and the mesoglea 


has been observed; the two are effectively sealed off from each other 


by the muscle layer. 
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2) The Sarcoplasmic Extensions; 

The sarcoplasmic extensions are narrow strands of cytoplasm which 
come off the muscle fiber and extend into the fiber plexus in the case 
of an epithelial muscle field, or into the core of a muscle bundle, in 
a mesogleal muscle field. The extensions of epithelial muscle fields 
have often been observed receiving innervation, and it is possible that 
they have developed for this specific function. The occurrence of this 
type of neuromuscular junction, where the muscle sends a process out 
towards the nerve, rather than the reverse, is not uncommon among higher 
animals. It has been reported in platyhelminths (MacRae, 1963; Chien 
and Koopowitz, 1972), annelids, (Wissocq, 1970; Mill and Knapp, 1970), 
nematodes (Debell, 1965; Rosenbluth, 1965), echinoderms, (Cobb and 
Laverack, 1967), cephalochordates (Flood, 1966), and in arthropods 
(Atwood, et al, 1969). It has been suggested that the extensions might 
allow or compensate for a sparse or distant nervous system, and/or that 
they might be the site of integration of incoming signals to the muscles 
(Chien and Koopowitz, 1972). The former explanation seems likely for 
the sarcoplasmic extensions in epithelial muscle fields, particularly 
in regions other than the retractor, such as the column, where the 
nerve net is quite sparse (Batham et al, 1960; Chapman, et al, 1962). 

In the sphincter and column mesogleal muscle of Stomphia, however, 
no neuromuscular junctions have been observed, in fact nerve fibers are 
rarely seen in these muscle bundles, yet the sarcoplasmic extensions 
can be well developed. In the bundles, the extensions are shorter and 
stouter (in one dimension) than they are in epithelial muscle. They 


form foldlike extensions which lie in the core of the bundle, where the 


AG doi en age Sip Dho-se ay 


bY 


: uid seSe: ei we _ 
Tits tes ot * NTR) Cees hee ce Peper 

i) ‘> 
inl 75 9209 ef a) wel Au ae 


7 


i) Lie = 5 ie oy 
eae iam?) 
7 ¢ ? ' = = ' ; = 
| seompoara iade/ feud 
an) 7 
eda viva. (pew ty) 4 iS ys ets nied ea aPxih ‘pan 
‘ ; ail f ; Py «nell 
‘ Seti j = & i Pi - cal * rey vovil olenianw 
4 = 
ij 9 " ty ee Ol } ‘ne b ol Pry a be = a 
Ws fo F a rie wi Chee AF 
= y 7. - 
rel ds ,cavqettahae fqn 
2 ae i ; ral: eer dhe Kl sabe ae 
oS Bae : Aan eee pin Pipes 
aby Dict | 
; c : a ans nee aes : 
J 0ar Se Tt i 
: es, 3 ei teda > 
; { 7‘ 
. 6 eh Saal ts NeRSY le 
~ | 
lo), az 24 1 om Par wm 
Rayo 1 Us gevyt sh Wyatt rus Ewer © ovate 
a : desit } AS rie ; en: eh me ae Try 44 Sith 2" taal 4 
yh 
oor ey th! . Tie a aes wee eae PE: core 
r ® ~ a ; ol De 
te : s) tig! ; f sa *Si9d) ey * bed 4 
a) efi. be” parm oi Bit a4 eek) Luh 34a ite eee 
TRAE is te pa, in 33 anit aie de a 
7 { ” 
EEN porteyae? th MET OG A, Teta Dp 2. <p cu ore alee Daas rales 
a : a 
Zh ssiieosiadell ed juss wi ei: nd ¢ Lal 4 ana Na 
i - U4 4@ ac 7 
- ; “ee 364 ~iftea tiny ea s(°s ” Bint "aD la ae phe 


int 


= 9 


34 


extensions of all of the muscle fibers mingle, and often form a spiral 
configuration. The function of the extensions in this arrangement is 
unclear. It is possible that they serve a mechanical function, and 
aid in the maintenance of the integrity of the muscle bundles during 
contraction or distortion of the muscle layer. 

It is clear that the area of contact between muscle fibers in a 
bundle is greatly increased by the sarcoplasmic extensions. It is 
tempting to suggest that the extensions may provide an increased 
surface area for electrical transmission of impulses within the muscle. 
It is generally accepted that the presence of gap junctions (nexuses) 
is required for direct electrical coupling between cells to occur 
(Barr and Jakobsson, 1976). No gap junctions have been observed in any 
actinian tissue examined so far, although a variety of fixatives have 
been employed (Grimstone, et al, 1958; VanPraet and Doumenc, 1975; 
Amerongen and Peteya, 19/76; Peteya, 1976). This would argue against 
the possibility that non~-nervous conduction occurs in actinians. 
However, it has recently been demonstrated that electrical coupling 
occurs in the absence of specialized junctions in some vertebrate 
smooth muscles, and it has been suggested that "nexus-like" structures 
invoked in electrical coupling in some tissues have been produced by 
swelling damage (Daniel, et al, 1976). It is perhaps possible then, 
that electrical coupling occurs between the muscle fibers of actinians, 
and the sarcoplasmic extensions may be the site of coupling in the 
sphincter and the column mesogleal muscles. However, where epithelial 
conduction has been demonstrated in the Cnidaria, it involves slow 
conduction (Josephson, 1974) and the sphincter and column mesogleal 


muscles are capable of fast contractions. Until more is known of the 
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factors involved in the excitation of the muscles in actinians, the 
role of non-nervous conducting systems, if they exist at all, cannot 
be evaluated. 

3) The Nature of Type A and Type B Fibers; 

It is well established that some muscles of actinians are capable 
of fast and slow contractions, while others are capable of only slow 
contractions (Batham and Pantin, 1954; Ross, 1957; Pantin, 1964 and 
1965; Robson and Josephson, 1969; ocenne ee 1974). The sphincter of 
Metridium and of Calliactis, and the retractor of Metridium will give 
a slow contraction in response to low frequency stimulation and a fast 
contraction following high frequency stimulation. On the other hand, 
the column circular muscles of Metridium will only contract slowly, 
regardless of the frequency of stimulation. The mechanism underlying 
the capacity for quick and slow contractions in a single muscle field 
is unknown. The possibility that the different contractions were due 
to the presence of two kinds of muscle was dismissed early; the 
histologists could recognize only one type of muscle in tissue sections 
(Batham and Pantin, 1951; Robson, 1957) and with direct observation 
of the contracting muscle field it appeared that the entire field was 
involved in both types of contraction (Batham and Pantin, 1954; Ross, 
1957; Pantin, 1965). Further support for the idea of a single muscle 
type came from the first electron microscope study on actinian muscle 
by Grimstone, et al (1958). In the mesenteries of Metridium they ob- 
served a single type of muscle, however, their fixatives failed to 
preserve the thick filaments. Recently, Peteya (1976) observed two 


different muscle types in Stomphia, which he distinguished on the basis 


of thick filament diameters. He was, however, unable to state whether 
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these two muscle types represented differences in contraction state of 

a single kind of muscle, or two morphologically distinct kinds. In this 
study, the presence of the two types of muscle in Stomphia has been con- 
firmed, and has been established for a second species, Aiptasia, and 

the distibution of the two types in the various muscle fields of both 
species has been mapped, In addition, the effect of contraction on the 
fine structure of the two types has been investigated, and there is now 
strong evidence which suggests that the two types represent two morpho- 
logically distinct kinds of muscle. 

The major difference between the two types of muscle is in the 
structure of the thick filaments of the myofibril. The thick filaments 
of Type A fibers have a relatively constant diameter of 180A, and are 
approximately 2u in length. In Type B fibers, the thick filaments have 
a highly variable diameter, ranging from 180 to 1100A (average = 225A) 
and can be very long (up to 7u). In longitudinal sections, an axial 
striation with a period of approximately 110A is visible in the fil- 
aments. It is unlikely that the differences occur as a result of fix- 
ation artifact. The two types of muscle have been observed side by 
side, under identical conditions of anaesthesia and fixation. Further- 
more, they have been observed repeatedly, in the same muscle fields, 
in different individuals, in different species, and with several dif- 
ferent fixatives (Peteya used several fixatives and did most of his 
work with a modified Cavey fixation). 

The possibility that Type A and Type B fibers might represent 
different contraction states of a single kind of muscle has been 
considered. Since both types occur when the tissue is fixed after 


magnesium narcotization, this would mean that one of the muscle types 
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was being stimulated by a mechanism insensitive to magnesium, 
It has now been demonstrated that there is no change either of A fibers 
into B fibers, or of the reverse, as a result of contraction in the 
retractor or the column circulars of Stomphia. Both types of fiber, 
however, do show some change with contraction. This is especially 
marked in B fibers, where the number of large diameter thick filaments 
increases. A similar change has been reported in the longitudinal 
muscle of the tentacles of Chrysaoera (Scyphomedusae) and has been at- 
ietbuted, to-the effects of contraction state (Perkins, et) al; 1971). 
In A fibers, no difference was observed in the dimensions of the thick 
filaments from relaxed and contracted muscles. It can be concluded, 
therefore, that A and B fibers do not result from different contraction 
states of a single kind of muscle. Although changes do occur as a 
result of contraction, and in Type B fibers these changes involve the 
thick filaments, no change from one type of fiber into the other occurs. 
It is very likely then, that A and B fibers represent two mor- 
phologically distinct kinds of muscle. Before discussing the function- 
al significance of this difference, the nature of the thick filaments 
in A and B fibers must be considered. The thick filaments of Type A 
fibers are similar in fine structure to the thick filaments of a variety 
of other muscles from both vertebrates and invertebrates. These include 
the muscles of Hydra (Haynes, et al, 1968; Slautterback, 1967; Chapman, 
1974), the muscles of Notoplana (Platyhelminthes) (MacRae, 1965), the 
fast adductor of Pecten (Nisbet and Plummer, 1968) and the mantle muscle 
ef Octopus (Hanson and Lowy, 1957; Kawaguti, 1962), (Mollusca), some 
muscle cells in the body wall of Lumbricus (Annelida) (Mill and Knapp, 


1970), many somatic muscles of insects (Maruyama, 1965), the blood 
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vessel muscle in Siboglinum (Pogonophora) (Jensen and Myklebust, 
1975), some muscles of Parastichopus (Echinodermata) (Jensen, 1975), 
and vertebrate skeletal muscle (Huxley and Hanson, 1960). The thick 
filaments from these muscles have a relatively constant length and 
diameter, both of which are small, and they show no marked axial 
Striation; it is this type of thick filament which is present in most 
cross~-striated muscles.. Wherever these filaments have been isolated 
and characterized, it has been demonstrated that they are composed of 
myosin (Maruyama, 1965; Hasselbach and Schneider, 1951; Huxley and 
Hanson, 1957). 

The thick filaments of Type B fibers closely resemble the thick 
filaments of the tentacle muscle of Chrysaora (Perkins, et al, 1971),as 
mentioned above, the tonic adductor muscle of many molluscs (Hanson and 
Lowy, 1960; Sobiescek, 1973; Gilloteaux,1976) the body wall muscles 
of nematodes (Waterson, et al, 1974), the body wall muscies of annelids 
(Mill and Knapp, 1970), the somatic and visceral muscles of some 
echinoderms (Bacetti and Rosati, 1968; Dolder, 1972), the longitudinal 
muscle in the tentacles of a pogonophoran (Gupta and Little, 1969; Gupta, 
et al, 1966), and some slow muscles of arthropods (Fahrenbach, 1967), 
The thick filaments of these muscles have large and variable diameters, 
are usually quite long, and show a characteristic axial periodicity of 
approximately 140A. Wherever these filaments have been characterized, 
it has been shown that they are composed of paramyosin (Tropomyosin A) 
and myosin (Hodge, 1952; Locker and Schmitt, 1957; Laki, 1971). Szent- 
Gyorgyi, et al (1971) have demonstrated that the paramyosin forms the 
core of the filaments and myosin is present as a surface layer. The 


amount of paramyosin in the core is variable, and accounts for the wide 
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range in the average diameters of the paramyosin filaments in different 
muscles, The fine structural characteristics of thick filaments from 
A and B fibers from Stomphia and Aiptasia coincide very closely with 
the characteristics of thick filaments composed of myosin and paramyo- 
sin. Therefore, it seems likely that the filaments of A fibers are 
composed of myosin and those of B fibers are composed of paramyosin. 

Several interrelated structural features are known to influence the 
intrinsic properties of contraction in a muscle, and these must be 
taken into account in an interpretation of the functional implications 
of A and B fibers in Stomphia and Aiptasia. 1) The sarcomeric organi- 
zation of myofilaments, as in obliquely striated and cross striated 
muscles, rather than a comparatively random organization, as in smooth 
muscles, allows a more rapid development of tension. 2) The presence 
of a paramyosin core in the thick filaments enhances the ability for 
maintenance of tension over prolonged periods, with little expenditure 
of energy (Ruegg, 1971;-Toida, et al, 1975; Szent-Gyorgyi, et al, 1971; 
Cohen, et al, 1971; Jewell, 1959). 

The ATPase activity of myosin influences the rate of tension 
development in both myosinic and paramyosinic muscles (Ruegg, 1971; 
Barany, 1967). In general, the ATPase activity of thick filaments in 
myosinic muscles is relatively high and tension development is rapid. 
The ATPase activity of myosin in paramyosinic muscles is relatively low, 
possibly due to an inhibitory effect on the enzyme activity by paramyo- 
sin (Szent-Gyorgyi, et al, 1971). 3) The length of the thick filaments 
influences the speed of tension development and release; with longer 
thick filaments, the rate of tension development is less (Szent-Gyorgyi, 


et al, 1971; Riiegg, 1971). 4) The amount of sarcoplasmic reticulum 
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present, and the extent of its association with the myofilaments 
influences the latency (time between stimulation and onset of con- 
traction) and the speed of relaxation (McGuffee and Bagby, 1976; 
Tomanek, 1976). 

Three of the factors listed, when applied to the structural 
features of A and B fibers lead to the suggestion that A fibers are 
likely to be capable.of phasic contractions, while B fibers are perhaps 
more tonic, 1) Although both A and B fibers fall into the category 
of "smooth" muscles, the myofilamerits of A fibers are arranged in a 
more orderly way than those of B fibers and show a faint sarcomeric 
organization, 2) As described above, it seems that the thick filaments 
of A fibers are composed of myosin, while those of B fibers contain 
paramyosin. 3) The thick filaments in B fibers are longer, on the 
average, than those in A fibers, Since the amount of sarcoplasmic 
reticulum in the muscles of Stomphia and Aiptasia is not related to the 
presence of A and B fibers, this factor must be considered independantly 
in drawing correlations between the fine structure and the function of 
the various muscle fields, 

The distribution of A and B fibers in Stomphia and Aiptasia is, 
for the most part, consistent with the distribution of fast and slow 
muscles. All actinian muscles so far investigated are capable of slow 
contraction; some muscle fields are also capable of fast contraction 
(Batham, et al, 1960). In Aiptasia, the retractor muscles, and the 
tentacle and oral disc longitudinal muscles are capable of fast con~ 
traction (King, personnal communication; personnal observation), All 
three of these muscle fields are composed mainly of Type A fibers, 


while the remaining fields are composed mainly or entirely of Type B 
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fibers. In Stomphia, the retractor, the sphincter and the tentacle and 
oral disc longitudinal muscles are capable of fast contraction (Hoyle, 
1960). Both the retractor and the sphincter have A and B fiber compo- 
nents. Although the tentacle and oral disc muscles appear to be com- 
ae entirely of A fibers, it is possible that a B fiber component is 
contributed by the (myo?)-filaments in the bases of the support cell 
peduncles. 

The specialized swimming behavior of Stomphia requires fast con- 
tractions in muscle fields which in other species, are generally 
capable of slow contractions only. Prior to swimming in Stomphia, the 
pedal disc detaches rather suddenly from the substratum. This re- 
lease involves the formation of a ridge between the pedal edge and the 
center of the disc a turgid cone is formed by the center of the disc, 
and persists during swimming (Robson, 1961; Ellis, et al, 1969). The 
pedal disc circular muscles are composed of Type A fibers on the peri- 
phery and Type B fibers towards the center. It is possible that the 
A fiber component contributes to the rapid release of the disc, while 
the B fiber component is responsible for the turgidity of the central 
cone. Following the detachment of the anemone from the substratum, a 
rapid peristaltic wave passes down the column, and causes elongation 
of the animal (Robson, 1961); the mesogleal circular muscles are com- 
posed of A fibers, and probably effect this rapid contraction. The 
epithelial circular muscles are composed of Type B fibers; prolonged 

tonic contraction in these muscles can account for the maintenance 
of high hydrostatic pressure throughout swimming. The parietobasilar 
muscles in Stomphia are thought to be responsible for the quick flex- 


ions of the column during swimming (Sund, 1958; Robson, 1961). Hoyle 
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(1960) demonstrated the capacity for fast and slow contraction in the 
parietobasilars, although he mentioned that it was not possible to 
distinguish the reactions in these muscles from those of the parietals. 
The parietobasilars are composed mainly of B fibers, suggesting a tonic 
function; however, the B fibers contain a large amount of sarcoplasmic 
reticulum, comparable to that seen in the retractor and the sphincter. 
Thus, it seems that a combination of factors may be in operation, de- 
termining the overall pattern of contraction in this muscle. 

The correlation between the distribution of A and B fibers with 
that of many known fast and slow muscles in Stomphia and Aiptasia can 
explain, to some extent, the nature of the differentiation within the 
muscle system of these two anemones. Further study is required before 
the functional significance of this differentiation can be fully under- 
stood. It would be most profitable to develop a wider knowledge of the 
fine structure of neuromuscular systems in other species of actinians, 
particularly in Calliactis parasitica, since both the behavior and the 


neurophysiology of this species have been so well studied. 
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TABLE I, The distribution of Type A and Type B fibers in Stomphia and 
Aiptasia, 
Stomphia Aiptasia 

a, A oe i tab 

tentacle longitudinal 20 
(ectoderm) 
circular 100 
(endoderm) 

oral disc radial 20 
(ectoderm) 
eircular 100 
(endoderm) 

pharynx longitudinal 70 
(ectoderm) 
eireular 100 
(endoderm) 

column epithelial 100 

circulars 
mesogleal 
sphincter 

septal retractor 10 

muscles (endocoelic) 
parietal 100 
(both faces) 
parietobasilar 
(endocoelic) 
basilar 100 
(both faces) 

pedal disc circular 100? 
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PLATE 1 


Figure 1. Diagram illustrating the general anatomy of an actinian; 
Co, column; D, pedal disc; Gf, gastric filament; Gv, 
gastrovasular cavity (coelenteron); Od, oral disc; P, 
parietal; Pb, parietobasilar; R, retractor; S, siphonoglyph; 
T, tentacle; X, pharynx; arrow in mid-column region 
indicates the location of the longitudinal sections 
drawn in Figure 2. 
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Figure 2. 


PLATE 2 


Diagram of a longitudinal section through the mid-column 
region of a) Stomphia and b) Aiptasia illustrating the 
general histology. Ay, amoebocyte; Ec, ectoderm; Ed, 
endoderm; Em, epithelial muscle; Fp, fiber plexus; G, 
gland cell; 0, mesoglea; Om, mesogleal muscle; Sc, 
support cell. The magnification is approximately 400X; 
cellular and mesogileal detail is exaggerated. 


50 


re, 
y} 


‘ 

~ 

“4 ®) 
2 


at ve 


emma S\\)\/) i) 
SESE RE eEIORO ss) ) | i 
a EOP y 


\ 
a —- ALE 
——= 
—___ = 


Z=——_ SE 


SS 


eS 
= 


SSN SS 
P PTT —-= 

pe 
ZL 


\f 
NY 


ESS 

ZA 

SS 
PAK 


j 


a. ae <- - 


ee: > 


* 
a - 
—_ . 


7) 


vias Se UI 
# ue 
viel & 18 we a vi 
OE a ee ad a 
‘ ] : J.) 
td a = 7 ’ 
ti 
aur A 
ty ie f ; 
: “. ¥ , ry rf 
as it erry 
: — 
at 
a 
1 
P ; 
“ 
\ ‘ 
‘ 
‘ 
mi 
Y 
y* 
Y t 
¥ § 
PX iV 
a; ,, . \ 
Lod J rT rf 
ae Ly J 
aes 
a 
»* \ , 
‘" +o 
) 
| 
“. ; 
wv 
rd i 
até by ‘ 
¥ 
4 ' 
- ’ 
y 
i 
as 
4 : 
‘ ar i=" 1 
er 
: oy 
7 ii ‘} — oid 
i, b rt vs 
ar’ ? 
wy ; a? 
hori a rey BLA ee 
it A 5 4n Wt 


oes 8 


it ouee 
ah, les vA 


2h 


© d 


5] 


Figure 3. 


PLATE 3 


The organization of epithelial and mesogleal muscle fields. 
a) cross section of epithelial muscle fibers from the 
column circulars in Aiptasia; b) cross section of folded 
(buckled) sheet of epithelial muscle fibers from the 

column circulars of Stomphia; c) cross section of mesogleal 


muscle fibers from the sphincter of Stomphia. Mf, muscle 
fiber; 0, mesoglea; Bars = 2u. 
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PLATE 4 


Figure 4. The subepithelial space (asterisks) in endodermal epithelial 
muscle of Stomphia. a) circular muscle of oral disc; 
b) epithelial circular muscle of column; c) retractor. 
Bars = 2n. 
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Figure 5. 


PLATE 5 


Diagram illustrating the location of the muscles of the 
septa in a) Aiptasia and b) Stomphia. The septa are 

cut in cross section, in the mid-column region. Fp, 

fiber plexus; Jc, junction of septum with column; Jx, 
junction of septum with pharynx; 0, mesoglea; Om, mesogleal 
muscle; P, parietal; Pb, parietobasilar; Pbf, parietobasilar 


fold; R, retractor. The magnification is approximately 
500x. 


5b 


~~ 
2 
ww 


Se a De 


es rye 


\ 


U8; \ 

SESS 

NN ANY \ He 
NS 


Vinx: WZ i 
BD? AS \ CANS VF ia 
UY BESS¥rp NYA DONA YES, 
ALY “Ny yy Sy Mtl rr 
WTA 
gb di yy 


AN\ “DDK 
NY wk “4 / 
UZ 


\ Y ahs 
Y WV Wy) 
: ROD 
”) 
~~ Fa SY eX: > , y) 
: < « 


1 IW Ayn, 
AY Ww AWW 

a0 By) 
a 


VARY 


Aid x 
A 
: Baan /, 


. 
naps Tei gt 
aI pen 
vy 


- out : 
ve Sal Aw 
GANGES 
TERY 28 Bs 


ee < -— ?: 
eg es eean <7 
Sa ae ee Re ag 


i 


sw a Semhi Aa, 


mr a aaa + fol ‘ re this ‘est 
Pg i ie eh: oie hk ay y hal ile A 
iw LE i: " in’ is 


a if Oi 


= +2 < 
oe ¢ 
Sages 
7 
aoe 
= 
a 
a 
7) 2 
r 


Ay ¥ a ¥] ¢ ’ 
i * " P 5 f ay 
. ae P| ’ re y i ft i Pit. 
} + D 7 } 1 
fence te 
jhe @ ai ‘ » "4 5 
i > *' d 5) 
} ’ 3 » , | 
. i r cy*? * d webu t 
pees | a) BE LA J 
4 ~“ 
Ta Byer get tote dead. 3 
ngiw & Lewy stg: 2% 
(hu Bayvyeeo Fale? ods 


! +0 
“i ahs es 


ran 
P * 5 
4 


4 
YJ 


ei Gi | Nae Gee 
mee af i ies fy Bae . 
(aati 


Figure 6. 


Figure 7. 


Figure 8. 


PLATE 6 


Longitudinal section of the junction between the oral disc 
and the siphonoglyph, illustrating the siphonoglyph 
sphincter. To the right of the area shown on the 
micrograph and below it, the ectodermal muscle is 
longitudinally oriented. At the siphonoglyph, there is 

a three-fold increase in the size of the muscle. The 
orientation of the fibers is circular, as shown (cut in 
cross section). Ec, ectoderm of the siphonoglyph; Mf, 
muscle fibers; 0, mesoglea; Bar = 3n. 


Light micrograph of an oblique section through the 
junction of a tentacle with the column in Stomphia. Note 
the connection between the tentacle longitudinal muscle 
(Tl) and the sphincter (S). Bar = 50n. 


Light micrograph of a cross section through the junction 
of the oral disc with a septum in Stomphia. Note the 
connection between the oral disc longitudinal muscle (0d1) 
and the beginning of the retractor (R). Bar = 50u. 
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Figure 9. 


PLATE 7 


Light micrographs of cross sections through the junction 
of a septum with the pedal disc in a) Aiptasia and b) 
Stomphia. Note the connection between the basilar muscle 
of the septum (arrow) and the pedal disc ectoderm (Ec). 
Cm, circular muscle of pedal disc; S, septum Bar = 50n. 
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Figure 10. 


Figure ll. 


PLATE 8 


The basement membrane and the mesoglea in Stomphia. 
a) mesoglea in the column; note the sharp boundary 
between the superficial layer (Os) and the deep layer 
(Od). Bar = 2u. b) the basement membrane (Bm) of a 
muscle fiber. Bar = 0.5n. 


The basement membrane and the mesoglea in Aiptasia. 
Note the thickness of the basement membrane (Bm) in 
Aiptasia compared to that in Stomphia (Figure 10b). 
Ay, amoebocyte; Od, deep layer of the mesoglea; 

Bar = 0.5n. 
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PLATE 9 


Figure 12, Diagrammatic representation of the two crossed lattices 
in the deep layer of the column mesoglea of Stomphia. 
The orientation of the muscle fibers in the endoderm 
is indicated (Mf). Ec, ectoderm; Ed, endoderm; 0, 
mesoglea. 
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Figure 13. 


PLATE 10 


Diagrammatic representation of the effect of contraction 
on the mesogleal network in the column of Stomphia. 

a) contraction of the circular muscles against hydrostatic 
fluid in the coelenteron generates a force (H) along 

the oral - aboral axis of the animal and results in an 
increase in height of the column. b) contraction of the 
circular muscles with loss of fluid from the coelenteron 
results in an increase in the thickness of the column. 
P, direction of force in mesoglea; Ec, ectoderm; Ed, 
endoderm; 0, mesoglea; T, direction of pull of circular 
muscles. 
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Figure 14. 


PLATE 11 


Diagram illustrating the typical features of an endodermal 
epitheliomuscular cell. The cell is in three parts; the 
cell body contains the nucleus (N), endoplasmic reticulum 
(Er), mitochondria (A), lysosomes (Ly) and other vesicular 
inclusions, a golgi apparatus (Ga), which is usually 
associated with the striated root (St) of the flagellum 
(Fm). The cells have a microvillous border (Mv) and are 
joined apically by septate desmosomes (Ds). The peduncle 
(P) connects the cell body and the muscle fiber (Mf), 

and contains mitochondria, small electron dense vesicles 
and thin filaments (F). The muscle fiber contains the 
myofilaments (M), mitochondria, glycogen granules (Gy), 
sarcoplasmic reticulum (Sr), microtubules (T) and small 
electron dense vesicles. The sarcoplasmic extension (Se) 
has the same inclusions as the peduncle. Individual 
muscle fibers are connected at their ends by desmosomes 
(De). 
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PLATE 12 


Figure 15. Type A fibers from the tentacle ectoderm of Stomphia; 
a) in longitudinal section ; b) in cross section. 
Note the loosely organized striation visible in the 
fibers in longitudinal section. Arrowheads indicate 
thick filaments; arrows indicate areas free of thick 
filaments. Bar = ln. 
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Figure 16. 


PLATE 13 


Type A (a) and Type B (b) muscle fibers. Note the 
difference in the thick myofilaments of the two 
fiber types. c) Longitudinal section of a Type B 
fiber thick filament showing the 110A axial period 
(arrows). Small arrowheads indicate thin filaments; 
large arrowheads indicate thick filaments. Bars = 
125nm, 
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PLATE 14 


Figure 17. Type B fibers from a) the oral disc circular muscle of 
Stomphia, b) and c) the parietal of Stomphia, c) the 
parietal of Aiptasia. Note the variation in the size 
and arrangement of the thick filaments (arrowheads) , 
and the variation in the density of the sarcoplasn. 
Bars = lp. 
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Figure 18. 


PLATE 15 


Inclusions of the muscle fibers in a) Stomphia and 

b) Aiptasia. In Aiptasia, the sarcoplasmic reticulum 
(Sr) in most fibers is limited to individual membrane 
sacs (arrows). A, mitochondria; Gy, glycogen granules; 


M, myofilaments; V, electron dense vesicles. Bars = lp. 
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Figure 19, 


PLATE 16 


The sarcoplasmic reticulum (arrows) in Stomphia. a) In 
the mesogleal circulars of the column; b) in the peduncles 
of the epithelial circulars of the column; c) and d) in 
the sphincter. Note the electron dense material on the 
inner surface of the tubule membranes. a) and c) Bars = 
lu; b) Bar = 2u; d) Bar = 0.25n. 
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Figure 20, 


PLATE 17 


Desmosomes are present at the ends (a and b) and on the 
lateral surfaces (c and d) of the muscle fibers. The 
thin filaments (small arrowheads) of A fibers and the 
thick (large arrowhead) and thin filaments of B fibers 
can be seen running into the end desmosomes. a) and c) 
Bars = 0.25n, °b)/ Bar= 0.52 de bar eae. 


go 


5 rd 


e 
= 


4 


Figure 21. 


PLATE 18 


Sarcoplasmic extensions in epithelial muscle (a and b) 
and in mesogleal muscle (c and d). a) Aiptasia, column. 
b) Stomphia, retractor. c) and d) Stomphia, column. Fp, 
fiber plexus; arrows indicate sarcoplasmic extensions. 
a) and b) Bars = 2. c) and d) Bars = lp. 


ey ar 
pet as ae, 


' "<0 i 
Re ng 


1D 


43 


Figure 22. 


PLATE 19 


Peduncles in a) the retractor and b) the parietal of 
Stomphia. Note the filaments (f) in the B fiber peduncle 
in (a). Fp, fiber plexus; arrows indicate peduncles. 

a) Bar’ sul fib) Bari =e2u. 
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PLATE 20 


Figure 23. The epitheliomuscular cell body in a) Aiptasia, and 
b) and c) Stomphia. A, mitochondria; Ds, septate 
desmosome; Er, endoplasmic reticulum; Fm, flagellum; Ga, 
golgi apparatus; Li, lipid; Ly, lysosome; M, myofilaments; 
N, nucleus St, striated root; Vi, microvilli. Bars = 2p. 
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Figure 24. 


PLATE 21 


The striated root and the accessory striated structure 
in the septum of Aiptasia (a and b), the column of 
Aiptasia (c), and the septum of Stomphia (d). Solid 
arrows, striated root; open arrows, accessory striated 
structure; small arrows, ending of filaments on an 
indentation of the cell membrane; Cr, centriole; Er, 
endoplasmic reticulum; Ga, golgi apparatus. Bars = ln. 
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Figure 25. 


PLATE 22 


The effect of contraction on the mesogleal muscle 

(Type A) of the column in Stomphia. a) cross section 
and b) longitudinal section of the muscle fibers in 

the resting state. Arrowheads indicate areas free of 
thick filaments. c) cross section and d) longitudinal 
section of the muscle fibers during isotonic contraction. 
Note the absence of areas free of thick filaments in 
contracted fibers. Bars = lp. 
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Figure 26. 


PLATE 23 


The effect of contraction on the epithelial muscle 
(Type B) of the column in Stomphia. a) and b) 
Longitudinal sections of the muscle fibers in the 
resting state (a) and during isotonic contraction 
(b). c) and d) cross sections of the muscle fibers 
in the resting state (c) and during isotonic 
contraction (d). Note the increase in the number 

of large diameter thick filaments during contraction. 
a) and b) Bar = ly. c) and d) Bar = 2n. 
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Figure 27. 


PLATE 24 


The effect of stretch and contraction on the retractor 
of Stomphia. The retractor a) in the resting state; 
b) while the muscle is passively stretched. Large 
asterisks, Type A fibersjsmall asterisks, Type B 
fibers. Bar = ln. 
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Figure 27. 


PLATE 25 


(cont.) The effect of contraction and stretch on 

the retractor muscle of Stomphia. The retractor 

c) during isometric contraction; d) during isotonic 
contraction. Note the absence of areas free of thick 
filaments in A fibers during contraction. Large 
asterisks, Type A fibers; small asterisks, Type B 
fibers. Bar = ln. 
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PLATE 26 


Figure 28. Neuromuscular junctions (arrows) in the tentacle and 
oral disc ectoderm of Aiptasia. a) On the sarcoplasmic 
extension; b) directly on the muscle fiber. Bars = ln. 
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PLATE 27 


Figure 29. Neuromuscular junctions (arrows) of A fibers in the 
retractor of Stomphia. Bars = ln. 
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Figure 30. 


Figure 31. 


PLATE 28 


Neuromuscular junctions (arrows) on the peduncles (P) 
of a Type B fiber from the column circulars (a) and 
from the parietal (b) in Stomphia. Bars = lp. 


Neuromuscular junctions (arrows) in the longitudinal 
muscle (ectoderm) of the tentacle of Stomphia. Note 
that the junctions are directly on the muscle fiber. 
Bars = lun. 
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PLATE 29 


Figure 32. Synapses in Aiptasia. a) and b) in the column endoderm; 
c) in the ectoderm of the tentacles and oral disc; 
d) in the septum, above the parietal. Bars = lu. 
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Figure 33. 


Figure 34, 


PLATE 30 


Two different synapses (arrows) in the ectodermal plexus 
of the tentacles and oral disc of Stomphia. a)Bar = lu; 
b)Bar = Ze 


Synapse (arrows) in the endodermal plexus of the oral 
disc and pharynx of Stomphia, Bar = lu. 
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PLATE 31 


Figure 35. Synapses (arrows) in the endodermal plexus overlying the 
retractor in Stomphia., The synapse in a) and that in 
b) represent extremes of the range in appearance of this 
synapse. Bar = ln. 


Figure 36. Synapses (arrows) in the endodermal plexus overlying 
the parietal muscle in Stomphia. The synapse in a) 
and that in b) represent extremes of the range in appearance 
of this synapse. Bar = lp. 
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PLATE 32 


Figure 37. Synapse (arrows) in the endodermal plexus overlying the 
parietal, Bar = lun. 


Figure 38. Synapse in the endodermal plexus overlying the sphincter. 
Bar = ln. 
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Figure 39. 


PLATE 33 


Nerve fiber (arrowheads) observed in the endoderm of 
the pedal disc and the oral disc, and in the ectoderm 
of the oral disc of Stomphia. In the pedal disc, the 
fiber passes into the mesoglea, as illustrated, and 
possibly represents a nervous connection between the 
endoderm and the ectoderm. Bars =0,5y. 
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